Approximately 700 nucleotide sequences surrounding the transcription initiation site were determined with a cloned rDNA fragment of Tetrahymena pyTiformis and the transcription initiation site was localized on these sequences using purified 35S pre-rRNA. A considerable portion of the 35S prerRNA was found to be capped in vitro. The 32 P-labeled, capped 35S pre-rRNA, on nuclease PI protection mapping, gave the protection band which is identical in size with that obtained with bulk 35S pre-rRNA. Both reverse transcription extension and nuclease PI mapping localised the 5'-end of the 35S pre-rRNA at the same adenine nucleotide, 496 base pairs upstream from the Hindlll site of the cloned rDNA fragment. Furthermore, sequencing of the 5'-terminal region of the in vitro capped 35S pre-rRNA unambiguously confirmed the above result. The strategy adopted in the present experiment could serve as a general procedure for determining the transcription initiation point even in cases where the concentration of the primary transcript is low.
INTRODUCTION
In macronucleus of Tetrahymena, the genes for rRNA ( rDNA ) exist in many copies of palindromic molecule with a molecular weight of about 13 x 10 6 daltons, not physically linked to the bulk chromosomal DNA, and are packaged in a number of extrachromosomal nucleoli (1, 2) . Transcription has been shown to proceed from the near center of the palindrome in a divergent fashion to produce 35S pre-rRNA as the primary transcript (3, 4) . The activity of these genes, depending upon the physiological conditions of this organism, is subject to control (5, 6) . In an attempt to elucidate the mechanism controlling the activity of these genes, studies have been carried out in our laboratory through two approaches. On the one hand, we have been interested in looking at the functional state of rDNA in the nucleolus, i.e. conformation of rDNA or the structure of rDNA chromatin. Along this line, we have developed a procedure to isolate extrachromosomal nucleoli in a fairly purified state (7) . A considerable improvement of the isolation procedure has recently been achieved ( Hlgashinakagawa e£ a^., in preparation ).
As an alternative and complementary approach, we have been aiming at constructing a faithful in vitro transcription system which mimics the events in vivo. Reports along this line, using an in vitro transcription system with cloned DNA as template, have revealed a considerable amount of information concerning sequences involved in the control of transcription by form II and III RNA polymerases (8) (9) (10) . With genes transcribed by form I RNA polymerase, however, studies are scarce due to the difficulties in determining the correct transcription initiation site as well as in constructing an in vitro transcription system. Recently faithful in vitro systems with cloned mouse and Drosophila rDNA fragment have been described (11) (12) (13) (14) . In the former instances, however, the initial mapping of the transcription Initiation site was found to be erroneous due to the low concentration of primary transcript in the population of rRNA precursors used in mapping experiments. Thus the precise mapping of the transcription initiation site is absolutely needed before any attempt is made to identify the DNA sequences responsible for the correct transcription initiation and its regulation.
In the previous paper, we partially characterized a cloned rDNA fragment ( K-H fragment ) and putatively mapped the transcription initiation site (IS) • In this paper we report the precise determination of the transcription initiation site using purified 35S pre-rRNA. The evidence that the 35S pre-rRNA we isolated constitutes the primary transcript is provided from the experiments involving in vitro capping of RNA. A potential general advantage of the present procedure in cases where difficulties are associated with the identification of the primary transcript is discussed.
MATERIALS AND METHODS
rDNA clone and DNA sequencing
The cloning and the preliminary characterization of the rDNA fragment used C K-H fragment ) has been described previously (15) . The DNA sequencing was performed according to Maxam and Gilbert (16) .
In vitro capping of 35S pre-rBNA The 35S pre-rRNA was extracted from crude nucleolar preparation and purified by polyacrylamide gel electrophoresis as described previously (15) .
In the capping experiment, 2 OD/ml of oligo U C(Up)6U) was used as carrier inatead of E^_ coli tRNA, because (Up) 6U does not accept caps while the com- pre-rRNA capped »nH from it the fraction having 5'-polyphosphate termini were calculated and presented in Table 1 .
Nuclease PI protection mapping Nuclease PI protection mapping was performed as described by Financsek 
RESULTS

In vitro capping of 35S pre-rRNA
In the previous paper from our laboratory, the initiation site of transcription of this organism has been putatively localized at about 490 base pairs upstream from the Hlndlll site of the cloned rDNA fragment ( K-H fragment ) (15) . Reverse transcription extension mapping and the nuclease SI mapping with shorter DNA fragment and 35S pre-rRNA, and furthermore, nuclease SI mapping experiments with total nuclear or nucleolar RNA confirmed our previous results ( data not shown ). These latter experiments greatly reduced the possibility of finding the real initiation site further upstream. However, in order to prove that the site mapped above is the real initiation site of transcription, it is imperative to show by any means that the 35S pre-rRNA used in the mapping experiments is the primary transcript. For this purpose we asked whether the 35S pre-rRNA is capped ^n vitro as reported by several authors (22, 23) . If the polyphosphate group is present at the 5'-terminus of the RNA, which provides a sound criterion for the primary transcript, those RNA molecules should be capable of accepting caps in in vitro capping reaction. The results are presented in Table 1 . After correction was made for the capping efficiency of the enzyme under conditions used ( about 50 I ) and for the recovery of the capped material, approximately 10 Z of the purified 35S pre-rRNA was found to possess polyphosphate at 5'-termini. This result simply led to a possibility that only a minor fraction of the 35S pre-rRNA constitutes the primary transcript with the major fraction being already processed precursors. However, when the capped 32 P-35S pre-rRNA was hybridized with the K-H fragment followed by removal of the single-stranded region with (24) . c: Calculated from the radioactivity in GpppA region on DE81 paper electrophoretogram (see Fig. 4 ) and the specific activity of [a- This size agrees well with the length of the DNA fragment protected by bulk 35S pre-rRNA (15) . In addition, use of a shorter DNA probe ( Kpnl-Haelll fragment, see Fig.2 ) gave correspondingly shorter DNA-RNA hybrid ( data not shown ). We take these findings as good evidence that the site mapped with bulk 35S pre-rRNA as well as total nudeolar or nuclear RNA corresponds to the site of transcriptional initiation. Additional evidence for this inference will be presented below. At present, we have no exact knowledge as to the 5'-termlnal structure of the major 35S pre-rRNA, but, most probably, it might represent nucleotide monophosphates which were produced due to the relative lability of the terminal polyphosphates and do not serve as substrates for capping reaction.
We have also detected minor protection band migrated at about 390 base pairs ( see Eig.l ), the size of which apparently corresponds to the minor protection band observed in the previous SI mapping experiments (15) . The nature of this minor protection was not examined further in the present study.
Nucleotide sequence around the site of transcription initiation
In order to map the initiation site of transcription at the nucleotide level and further to elicit any structural characteristics, about 700 nucleotides around the initiation site were sequenced. Fig.2 shows the nucleotide sequences determined together with the sequencing strategy. Assignment of the initiation nucleotide was performed in two ways. As shown in Fig.3a, reverse transcription extension mapping was performed with HpaII-Sau3A (+21 to +46 ) fragment ( labeled at the Sau3A site ) and 35S pre-rRNA in parallel with the corresponding sequence ladder. The extended DNA fragrant-migrated as a single band at the position which corresponds to A designated as +1 in The HpaII-Sau3A (+21 to +A6) fragment labeled at the Sau3A site was hybridized with 35S pre-rRNA and used as a template-primer for reverse transcription. The extended product was electrophoresed on a 12 Z sequencing gel in parallel with the same-end labeled AluI-Sau3A fragment cleaved by chemical sequencing reactions. The arrowhead indicates the position which corresponds to the extended fragment after correction of 1.5 nucle-. otides was made according to Sollner-Webb and Reeder (25) . Fig. 3 .b. Determination of the 5'-end of 35S pre-rRNA by nuclease PI protection mapping. The DdeI-Sau3A (-60 to +46) fragment labeled at the Sau3A site was hybridized with 35S pre-rRNA. Aliquots were treated with increasing amounts of nuclease PI and the resulting hybrid was electrophoresed on a 12 X sequencing gel in parallel with the same-end labeled AluI-Sau3A fragment cleaved by chemical sequencing reactions (only A and G cleavages are shown). The arrowhead indicates the position corresponding to the band which remained as the longest fragment upon treatment with high amount of nuclease PI. Correction was made as in Fig. 3 .a.
Pi Fig. 4 . Analysis of the ^n vitro capped structure of 35S pre-rRKA. 35S pre-rRNA was capped j^n vitro with vaccinia guanylyltransferase and [a-32 P]GTP.Capped RNA was purified and digested with nuclease PI and bacterial alkaline phosphatase. The digested material was electrophoresed on DE81 paper and autoradiographed. GpppX (X°G,A,U and C) and Pi represent the position of the authentic markers and inorganic phosphate, respectively. 1 and 2 designate two independent preparations of 35S pre-rRNA. QpppC GpppU QpppA GpppG origin DISCUSSION Determination of the transcription initiation site of the ribosomal RNA gene has been greatly hampered particularly due to the difficulty in identifying the primary transcript of this gene, since no ±n vivo capping of the transcript is associated with this gene and, in some cases, the concentration of the transcript having polyphosphate at the 5'-terminus has been found to be relatively low (22, 23) . Thus the use of even the largest precursor molecule in mapping the transcription initiation has been found to be misleading (23, 26) .
In the present study, we have presented evidence that the 35S pre-rRNA we isolated constitutes the primary transcript of Tetrahymena rDNA based upon the following findings. Firstly, about 10 Z of the purified 35S prerRNA was found to poasess 5'-polyphosphate group from the results of in vitro capping reaction. The capped RNA was shown to possess the identical 5'-termlnal region, at least at the resolution of the gel, with the bulk 35S pre-rRNA based upon nuclease PI mapping ( Fig.l ) . Secondly, reverse transcription extension mapping shown in Fig.3a Nuclease PI mapping independently supports the above result ( Fig.3b ) . (Fig. 4) . The three heavy bands seen at the bottom region of each lane correspond to GMP.GDP and GTP, from top to bottom, respectively. The bands just above the +1 position may be due to by-products of the reaction since they are seen in all lanes.
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